In the present work we report a modified configuration of a multiply twinned decahedral barrel-like nanoparticle. The nanoparticle is stabilized by a selective chemical etching, which yielded a truncated shape with multiple high-index planes on the surface. The surface planes and the shape of the nanoparticle have been characterized using electron microscopy techniques, including scanning and transmission electron microscopies and electron diffraction. Coherent electron diffraction revealed streaked Bragg reflections which are in agreement with the high-index facets measured from electron microscope projected images. Crystal orientation mapping assisted by precession electron diffraction was performed under nano-beam conditions giving information about the structure from different orientations. The combination of these techniques allowed us to resolve the 3D structure of the modified nanoparticle and dismiss any possible ambiguities from the interpretation of the projected images in direct space.
Introduction
In the present state of the art on nanotechnology the full control of shape, size and crystal structure of nanoparticles is a fundamental aspect to develop practical applications. In order to achieve the desired structure with also high yield and reproducibility is necessary to fully understand the factors that define the growth of nanoparticles. The growth kinetics results in different shapes, in this way there is an interplay between particle total energy and the kinetics of the growth. Their stability depends mainly upon the size range desired. Different shapes can be produced during growth by balancing the energies binding within the nanoparticle and the ones at the surface planes, where the free energy plays a crucial role in the stabilization of the nanoparticles, and hence giving them their final shape [1] [2] . In the smallest size range, nanoparticles and clusters are stabilized by the use of passivating ligands depending on the number of atoms. The diameter of these nanoparticles ranges from few atoms up to few nanometers [3] [4] [5] . The next size range includes tens of nanometers in diameter. In this range, plasmonic effects start to appear and the shape can be mostly controlled by kinetics. A prime example being the nanorods, nanowires and hollow particles [6] [7] . The next size interval includes larger particles (> 100 nm). In this case the shapes are mostly polyhedral nanoparticles based on the Wulff construction formalism [6, 8] , which has been adapted to multiply twinned particles and oxide nanoparticles [9] [10] with recent modifications by Ringe et al [11] [12] . In addition, other reports also consider the edge energies obtained by atomistic calculations to determine and predict some shapes as function of the number of atoms distributed along the edges [13] [14] .
The way particles become stable is by faceting, allowing the formation of structures such as decahedra or icosahedra structures even on this size interval [15] [16] . In the present work we investigate the shape of a modified truncated decahedron which exhibits a barrel-like shape with multiple facets using single particle diffraction and precession electron diffraction. This serve as a prime example of the very complex structures that can be produced by faceting.
Methods
The nanoparticles have been prepared by a controlled chemical synthesis following the polyol method. Initially, an ethylene glycol (EG) solution containing polyvinylpyrrolidone (PVP) (0.209 g, Mw = 55000) was heated to boiling, into which an AgNO3 (0.138 mL, 0.6 mM) solution in EG was added rapidly under magnetic stirring. After 3 min, aliquots of a HAuCl4 3H20 (0.162 mL, 2.5mM) solution were added each 7 seconds drop by drop. The solution turned to red and the finally changed to reddish brown, indicating precipitation of gold. Then, the mixture (growth solution) was stirred for 10 min more and it was quickly cooled to room temperature. The colloidal solution was washed with ethanol and acetone several times to remove excess of PVP and EG: 1 ml of gold nanoparticles was added to 11 mL of acetone and the nanoparticles were collected by centrifugation at 6000 rpm. Products were dispersed in 3 mL of ethanol and 8 mL of acetone and precipitated one more time by centrifugation. This process is repeated several times. The final product of gold nanoparticles was dispersed in ethanol. Our method produces different truncated nanoparticles such as decahedra, cuboctahedra, plates and nano-rods all of them produce facets with low-energy {111} surfaces, which are produced by the etching during the chemical synthesis and are in agreement with the surface faceting reported in our previous work [14] . The truncated decahedron shape is herein analyzed. An example of the obtained nanoparticles with different shapes is shown in Figure S1 of supplemental material.
A drop of the colloidal solution was deposited onto copper holey carbon grids for characterization. The analysis of the shape and projected planes of the nanoparticles was performed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM images were obtained using a field emission gun scanning transmission electron microscope Hitachi S5500 operated at 30 kV. The TEM imaging information was obtained using field emission gun JEOL microscopes, 2010F and 200F ARM both of them operated at 200 kV. In the present work we determine the geometry of modified gold decahedra nanoparticles by using selected area electron diffraction (SAD), precession electron diffraction-assisted automated crystal orientation mapping (PED ACOM-TEM) [17] and coherent electron diffraction (CED) [18, 19] . These electron diffraction techniques provided useful information about the crystalline structure and surface plane facets of the barrel-like nanoparticle. To perform PED and CED, a small area is irradiated under nanobeam electron diffraction conditions, using the smallest condenser aperture and reducing the diameter of the electron irradiation to a few nanometers. In PED we used a probe size of around 1.5 nm in diameter, while in CED, in order to illuminate the whole particle, the probe size was slightly larger than the nanoparticle size (more than 100 nm). A CED pattern shows streaks lines in the Bragg reflections; these streak lines are measured with respect to the Bragg reflection and are related to high index crystallographic planes showing directions normal to the facets of the nanoparticle. These streaks come from the intersection of the Ewald sphere with reciprocal lattice rods of the nanoparticle facets. The intersection is almost tangentially when the facet is normal to the incident electron beam.
The sharper the facet the longer the length of the streaks [19] . On the other hand, PED ACOM-TEM gives the full crystallographic information of the object at a specific area of the region of interest (ROI), by providing a crystallographic map at the nanometer scale and making easier the identification of crystalline phases in semiconductor materials, metallurgy and nanostructured materials [20] [21] [22] . In the ACOM-TEM technique the electron beam is scanned across the sample and collects the electron diffraction patterns using an ultrafast charge-coupled device (CCD) camera attached to the viewing screen of the microscope. All of the electron diffraction patterns collected are then indexed using an automatic matching procedure, identified by a cross-correlation with preselected theoretical templates from a database. The ACOM-TEM technique is assisted by PED to enhance the quality of the diffraction pattern matching, since PED reduces the dynamic effects arising in electron diffraction [23] . PED experiments were conducted using Nanomegas hardware and software package [24] ; further details of the experimental set up and from the analysis process are available in the supplementary material.
Results and Discussion
The truncated decahedral Au nanoparticles exhibit a barrel-like form where the base is pentagonal in shape (similar to a truncated decahedral particle) and the lateral view is formed by 50 planes faceted one to each other 5(sides)x2(bipyramid)(2x{320}+2x{221}+1x{111}). Figure 1 shows the scanning electron microscopy images of the nanoparticle. These facets stand the body at an angle of 143 degrees to the base; the identified planes are labeled in Figures 1a and 1b. Table 1 presents the theoretical {hkl} planes and the measured angles from the SEM images of Figure 1 . It is worth noting that in the drawing of TEM imaging has been used to confirm the angles measured in SEM images. Within the nanoparticle the atomic distribution correspond to a regular multiple twin decahedral structure. In Figure 2 , TEM images are shown in two different orientations: along the <110> direction and along perpendicular to the <110> (the side view direction). The fcc unit cell of Au has been taken as the reference system. The side view in Figure 2a shows the projected planes {320}, {111} as well as the truncated plane of the decahedron {110}.
Angles are consistent with those measured in the Figure 1 ; in Figures 2d and 2e we have measured the angles on the particle oriented close to the <110> zone axis. Especially, Figure 2e shows the contours of the nanoparticle pictured in Figure 2d in order to measure more precisely the angles of the facets in the nanoparticle. In Figure 2b , the corresponding SAD pattern from the side view of the particle (Figure 2a ) is shown. . The extra spots that appear in Figure 2b arise from the combination of double diffraction due to the multiple twinned structure and the nano size of the particle [7, 25] . It is well known that the pattern in Figure 2f is the result of the convolution of five [110] patterns each one rotated by 72°. The {221} planes projected from the side view are not totally symmetric in the five sides of the decahedron due to a slightly tilting of the particle out of the <110> twinning axis. Once the relationship between the axis [110] and the angle is known in the truncated decahedral nanoparticle, it is possible to know which planes are observed when the particle is seen side view. In the cubic system, the direction [ℎ ] is perpendicular to the plane (ℎ ) and given that the observation axis is along one of the {110} axes family, the diffraction pattern along the [110] zone axis is used to calculate these planes. Using solely SAD, the high index faceting cannot be identified with ease; in such cases, CED has demonstrated to be a powerful tool for the 3D interpretation of high index facets in polyhedral nanoparticles and other nanostructures with atomic steps on their surfaces [18, 19] . Following this line of thought we have performed CED in two directions as shown in Figure 3 . The CED pattern in figure 3a shows an inset of the illumination conditions for the CED method along the five-fold direction. A similar image is shown in Figure 3b The analysis of the geometry of these nanoparticles has been performed using the PED ACOM-TEM technique. A full set of diffraction patterns was collected while the precessing electron beam was scanning the ROI. The step size used in the scanning was 1.5 nm, about the same as the probe size. The results of the indexation are later displayed as a crystal orientation map of the ROI. In Figure 4 , the barrel-like nanoparticle has been oriented along the five-fold symmetry. Each orientation (colored) map, refers to a particular viewing direction, i.e. the color is assigned based on the crystal orientation along this particular direction. Experimental details about the PED ACOM-TEM measurements are available in the supplementary material. Figure 4 shows also the color code map for the crystal directions ( Figure 4b ) and a model of the five-fold nanoparticle orientation, the axes and e-beam directions (Figure 4a ). In Figure S3 
Conclusions
We have here reported a modified stable decahedral truncated nanoparticle with a "barrellike" shape. Electron diffraction patterns revealed the facets on its surface and orientation phase maps were used to distinguish individual units within the nanoparticle. The particle has an equivalent pentagonal symmetry with respect to known nanoparticles. The planes of the nanoparticle have been identified by crystal orientation maps using ultra-fast scanning electron diffraction under precession mode and coherent electron diffraction, both diffraction modes not only complement one to each other, but validates and gives consistency to the observed geometry.
